The genetic diversity of the soft-shell clam Mya arenaria from seven locations in Europe (two stations in the southern Baltic Sea (the Gulf of Gdansk) and two in the North Sea (Veerse Meer and Oosterschelde), and three additional stations in the Denmark Straits and Bay of Biscay) was determined using starch gel electrophoresis of allozymes. The results showed a low level of genetic variability and a lack of genetic di¡erentation among the populations studied. Basic polymorphism characteristics calculated for populations from the North Sea estuaries and the Gulf of Gdansk were: He 0.094^0.145, Ho 0.092^0.130, percentage of polymorphic loci 33 (0.95 criterion), mean number of alleles per locus 2.0^2.7. The mean value of F ST was 0.0133 and not signi¢cant. It is concluded that in spite of a low level of genetic polymorphism the soft-shell clam is a successful colonizer. The genetic homogeneity among the populations re£ects rapid population extension, alleles neutrality and a high gene £ow.
INTRODUCTION
The soft-shell clam Mya arenaria originated on Paci¢c coasts in the Miocene. In the late Miocene it extended its range to the west coasts of the Atlantic. In Europe, the soft-shell clam appeared in the late Pliocene. It has remained in America since the Pliocene whereas it died out in Europe at the beginning of the Pleistocene. According to Peterson et al. (1992) , who dated shells from Kattegat, the soft-shell clam reinvaded Europe in the 13th Century and might have been transported from North America by the Vikings. It reinvaded the Paci¢c east coast probably through oyster transplants from the Atlantic to San Francisco Bay prior to 1874.The last step in the invasion history of the soft-shell clam was the unintentional introduction from the Baltic Sea to the Black Sea around 1960. Today Mya arenaria is widely distributed over boreal waters and is often a dominant species in local shallow water benthic communities. It has also an important commercial value in some regions of North America.The soft-shell clam is a relatively large (60^100 mm, maximally 150 mm) and long-lived bivalve. It inhabits mainly intertidal and shallow subtidal waters but has been found even at a depth of 192 m. Depending on the geographical region soft-shell clams spawn once or twice per year. The fecundity value for one spawning period can vary between 120 thousand to three million eggs. The larval phase usually lasts for 2^3 weeks. Mya arenaria is an eurytopic species. It lives in the salinity range 4^35 psu and can easily survive salinity £uctuations of 15 psu. The southern limit of distribution is determined probably by a temperature of 288C. A temperature of 101 28C for spawning and 12^158C for succesful larval development determines the northern limit of distribution (see Strasser, 1999 for references) .
Even though the soft-shell clam is such a common species, very little is known about its population genetics. Recent studies on the genetics of the soft-shell clam concerned only populations from the Atlantic coasts of North America and revealed a low level of allozyme variation in this species (Levinton, 1973; Morgan et al., 1978) , which is in contrast to the hypothesis that animals living in an unstable, heterogeneous environment and able to colonize new habitats should possess high genetic variability (Hedrick et al., 1976; Ehrlich, 1986) . The present paper is believed to be the ¢rst on the genetic diversity of European populations of Mya arenaria. This is especially surprising since Mya arenaria was probably the ¢rst species introduced into Europe by man. Colonization of a new area may be connected with processes causing a drastic decrease in population polymorphism, as predicted by theory (Chakraborty & Nei, 1977) and observed in many species (e.g. Gallardo et al., 1995) . Another theory predicts little in£uence of founding events on populations (Nei et al., 1975) . Similarly, two di¡erent models concerning population structuring after founder events exist, predicting strong genetic structuring or reducing of genetic di¡erent-ation between populations (Alvarez- Buylla & Garay, 1994) .
The aim of this study was to determine the level of genetic variation of some European populations using allozymes and characterize population structure at a macrogeographical scale with respect to historical and contemporary processes.
MATERIALS AND METHODS
Samples, consisting mainly of animals with a length of 10^30 mm, were collected in autumn 2001 from seven locations (Table 1, Figure 1 ). Animals were held alive in aquaria at 108C or frozen at^708C until processed. Due to the very low number of individuals in the French and Swedish populations, the genetic structure has been discussed mainly on the basis of the results obtained for the Dutch and Polish populations.
Genetic traits in the soft-shell clam were determined using standard starch gel electrophoresis of six enzyme systems (enzyme number and abbreviations in parentheses): glucosephosphate isomerase (Gpi E.C 5.3.1.9), isocitrate dehydrogenase (Idh E.C 1.1.1.42), leucine aminopeptidase (Lap E.C 3.4.1.1.1), malate dehydrogenase (Mdh E.C 1.1.1.37), phosphogluconate dehydrogenase (Pgd E.C 1.1.1.44) and phosphoglucomutase (Pgm E.C 5.4.22). Electrophoresis and enzyme visualization were performed according to Menken (1982) and Hummel et al. (1995) .
Single individual genotype data were analysed using BIOSYS-2 (original version: Swo¡ord & Selander, 1981 ; modi¢ed by Black, 1997) and LINKDIS (original version: Black & Krafsur, 1985 ; rewritten to work with BIOSYS data set by Black, 1997) . Observed heterozygosity (Ho), expected heterozygosity (He) (Nei's, 1978 unbiased estimate) and the mean number of alleles per locus as indices of genetic variability were determined for all studied populations. Selander's (1970) D statistic for the excess or de¢ciency of heterozygotes, w 2 -test after pooling genotypes for testing the departure of genotype frequencies from Hardy^Weinberg expectations, Nei's (1977) F ST and analysis of linkage disequilibrium were determined only for populations from the Gulf of Gdansk and the North Sea. The other populations were excluded because of small sample size. Nei's F ST measures the amount of di¡er-entiation among subpopulations and was tested for signi¢-cance with the usual w 2 -test of heterogeneity of allele frequencies (Workman & Niswander, 1970) . Computation of D is not appropiate for almost-monomorphic loci (i.e. the dominant allele has a frequency 40. signi¢cant linkage disequilibrium exists between loci polymorphic according to the 0.95 criterion a w 2 -test following Weir's (1979) formula was used. Analysis of linkage disequilibrium was performed in each subpopulation and in the total population (all subpopulations combined). When signi¢cant disequilibrium was detected between loci a composite linkage disequilibrium coe⁄cient Á ij (Cockerham & Weir, 1977 ) and a correlation coe⁄cient R ij (Weir, 1979) were determined for each pair of alleles. The hypothesis that R ij ¼0 was tested by w 2 (1 df ) ¼NR ij 2 (Weir, 1979) . The e¡ective number of migrants was estimated according to Wright (1965) : F ST ¼1/(1+4N em ). Nei's (1978) unbiased genetic identity was used to determine genetic identity between populations.
RESULTS
Identi¢ed loci, mean allele frequencies, mean heterozygosity and mean number of alleles per locus in the studied populations are given in Table 2 . The results showed a high level of gene monomorphism. According to the 0.95 criterion, three of the nine identi¢ed loci were polymorphic. Loci Pgm-1, Lap-1 and Pgd were polymorphic in six populations. For the Dutch and Polish populations the mean number of alleles was 2.0^2.7 and was similar for all populations. In the populations from the Gironde and North Sea heterozygosity was slightly higher than in the Gulf of Gdansk. Signi¢cant departure of genotype frequencies from the Hardy^Weinberg expectation was found at locus Pgd in the population from Veerse Meer and locus Lap-1 in the populations from Mechelinki and Oosterschelde (Table 3) . Signi¢cant heterozygote de¢ciency was observed at locus Pgd in the population from Veerse Meer (Table 2 ). F ST was signi¢cant for alleles Pgd-D, Pgm-1-B and Pgm-1-D. The values of average F ST for Pgd, Pgm-1 and Lap-1 loci were 0.0096, 0.0051 and 0.0040, respectively, and were not signi¢cant ( Table 2 ). The mean value of F ST was 0.0133, and not signi¢cant. The genetic identity between the Dutch and Polish populations was 0.997^1.00. Statistically signi¢cant disequilibrium was found only in the population from Veerse Meer between loci Pgm-1 and Lap-1 (P50.05) and occurred between alleles Pgm-1 C and Lap-1 A (Á ij ¼0.00882, R ij ¼0.38638, P50.01), Pgm-1 C and Lap-1 B (Á ij ¼70.01412, R ij ¼ 70.30225, P50.05), Pgm-1 C and Lap-1 E (Á ij ¼0.00882, R ij ¼0.38638, P50.01). All these disequilibria involved rare alleles thus, according to Black & Krafsur (1985) , were probably artefacts. The e¡ective number of migrants per generation was estimated to be 18.
DISCUSSION
The basic polymorphism characteristics obtained in the present study (mean heterozygosity, per cent of polymorphic loci and mean number of alleles per locus) were similar to that reported for two populations of the softshell clam from the Atlantic coast of North Americaö Maine and Maryland (Morgan et al., 1978) when considering the same enzyme systems which were studied by us. The results showed a low level of genetic variation in the soft-shell clam as compared with other marine bivalves. For Macoma balthica, Cerastoderma edule and Mytilus sp. analysed using the same set of isoenzymes and the same methodology, mean heterozygosity ranged from 0.21 to 0.47 and the mean number of alleles from 3.0 to 5.7 (see Hummel et al., 1997 Hummel et al., , 2001 , for references). However, in the bivalve Cerastoderma glaucum and the polychaete Arenicola marina mean heterozygosity was similar to that of Mya arenaria and ranged from 0.09 to 0.17 (see Hummel et al., 1997, for references) . Further comparison with literature data also con¢rms the low genetic variation in the soft-shell clam. In Anomalocardia brasiliana, the percentage of polymorphic loci ranged from 50 to 60, Ho from 0.19 to 0.26 (da Silva & Sole¤ -Cava, 1994) , and in Mytilus desolationis Ho ranged from 0.2 to 0.7 (Blot & Thiriot-Quie¤ vreux, 1989) . A very high level of genetic variation has been found in molluscs living in unstable, shallow water environment. For the bivalve Mulinia lateralis all 19 studied loci were polymorphic and Ho reaches the value of 0.408 (Wenne, 1992) . An even higher level of genetic variation was found in the case of molluscs from the Red Sea which have colonized the Mediteranean Sea after the opening of the Suez Canal: the gastropods Cerithium scabridum and Cerithium caeruelum (Ho 0.61^0.66, all 20 scored loci polymorphic, mean number of alleles per locus 3.9^4.9) (Ritte & Pashtan, 1982) and the bivalve Brachidontes variabilis (Ho 0.62^0.63, mean number of alleles per locus 5.5) (Safriel & Ritte, 1986) .
Mya arenaria has a very high tolerance of a wide range of environmental conditions and is a successful colonizer (Strasser, 1999 ). Thus, the low level of gene polymorphism in this species is in contrast to the hypothesis that animals living in an unstable, heterogeneous environment and able to colonize new habitats should possess high genetic variability (Hedrick et al., 1976; Ehrlich, 1986) , and con¢rms recent studies suggesting little association between total genetic variability and a species' success as a colonizer (e.g. Lavee & Ritte, 1994) . Moreover, the results showed no genetic di¡erentiation between populations from the stations with di¡erent environmental conditions. Although F ST for a single allele was signi¢cant in three cases, the values were very low. For bivalves with a high gene £ow, average F ST amounts to 0.01 to 0.03 between populations at geographic distances of hundreds of kilometres, and 0.04 to 0.06 at distances of thousands of kilometres (see Hummel et al., 1997 for references) . For the soft-shell clam it was 0.0133 for populations at a distance of thousands of kilometres. The study of Morgan et al. (1978) showed also little di¡erentation between American populations in the enzyme loci which were studied by us, except locus Gpi. The lack of genetically subdivided populations was also observed by Caporale et al. (1997) in populations of M. arenaria from the New England coastline. Sequencing of the internal transcribed spacer (ITS-1) ribosomal DNA region showed no signi¢cant heterogeneity among the studied populations (Caporale et al., 1997) . The genetic di¡erentiation between populations can arise in consequence of isolation or selection pressure creating adaptations to local conditions, as was found in many marine invertebrates (e.g. Johannesson et al., 1995) . Therefore, the lack of genetic di¡erentiation between the studied populations may be consistent with a high gene £ow (e¡ective number of migrants per generation 18) and alleles neutrality in the analysed loci. However, since the soft-shell clam is an invasive species in Europe, the genetic population structure re£ects historical and contemporary processes. It is known that high genetic similarity between populations might re£ect a recent widespread expansion from a single population. Although the founder population (or populations) of the soft-shell clam was established in Europe about eight hundred years ago, rapid expansion in Europe could be a very important factor which is re£ected in the observed genetic homogeneity between populations; especially since Morgan et al. (1978) found di¡erences between populations in Gpi and other loci not studied by us. The similar phenomenon of high genetic similarity between distant populations was observed by Grant & da Silva-Tatley (1997) in the gastropod Bullia digitalis. The authors suggested that high genetic similarity between populations could re£ect allele neutrality and a high gene £ow or recent rapid expansion (Grant & da Silva-Tatley, 1997) .
Similar genetic variability of American and European populations in loci coding the same enzyme systems suggests that European populations did not lose genetic variability due to founding events or several events of invasion. High genetic similarity between European populations and the results of the linkage disequilibrium analysis would also suggest that founding events may have had little impact on the gene pool of the newly established populations. Two causes are considered to be mainly responsible for the linkage disequilibrium: epistatic natural selection and random genetic drift (Ohta, 1982) . Therefore, the linkage disequilibrium may re£ect historical processes (selection under new environmental conditions, random genetic drift because of small size of founding populations) which had in£uence on the gene pool of pioneer populations. In this study the linkage disequilibria was found only in one population and involved rare alleles therefore was rather artefact (Black & Krafsur, 1985) . In this light the hypothesis that colonization processes had signi¢cant in£uence on the newly established populations has no support. However, since we do not have enough data about any parental population, this supposition should be con¢rmed by further study.
